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ABSTRACT 

The a d d i t i o n  of weight t o  LM payloads ,  such as t h e  
Lunar Roving Vehic le  ( L R V ) ,  r e s u l t s  i n  s h i f t i n g  t h e  LM c e n t e r  
of g r a v i t y  ( C . G . ) ,  which e i t h e r  increases or d e c r e a s e s  usab le  
d e s c e n t  p r o p e l l a n t s .  The c o s t  or b e n e f i t  t o  t o t a l  LM payload 
c a p a b i l i t y  due t o  C . G .  s h i f t  i s  c a l c u l a t e d  f o r  t h e  f o u r  pos- 
s i b l e  cases a s s o c i a t e d  wi th  t h e  Apollo J-Mission payload con- 
f i g u r a t i o n .  For t h e  c a s e  where  u sab le  f u e l  and o x i d i z e r  are 
i n c r e a s e d ,  adding one pound i n c r e a s e s  LM payload c a p a b i l i t y  
0 .35  pounds, whi le  t h e  c a s e  where both u s a b l e  o x i d i z e r  and 
f u e l  are decreased  t h e  c o s t  i s  0.59 pounds of payload capab i l -  
i t y .  The a d d i t i o n  of one pound t o  t h e  LRV i n c r e a s e s  usab le  
f u e l  b u t  dec reases  usab le  o x i d i z e r  which r e s u l t s  i n  a payload 
c a p a b i l i t y  loss of 0 . 4 1  pounds. 
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INTRODUCTION 

The e f f e c t  of adding weight  t o  LM payloads  such  as 
t h e  Lunar Roving Vehic le  (LRV) on Descent S tage  (D/S) u s a b l e  
p r o p e l l a n t s  i s  d i s c u s s e d  i n  t h i s  memorandum. The pr imary 
e f f e c t  of adding  weight  i n  any of  t h e  payload q u a d r a n t s  i s  
t o  s h i f t  t h e  LM C . G .  l o c a t i o n .  T h i s  s h i f t  may i n c r e a s e  o r  
d e c r e a s e  u s a b l e  p r o p e l l a n t s ,  depending on t h e  i n i t i a l  C . G .  
l o c a t i o n  and where t h e  weight  i s  added. 

PROPELLANT SUBSYSTEM 

The D/S  p r o p e l l a n t  subsystem c o n f i g u r a t i o n  c o n t a i n s  
two f u e l  and t w o  o x i d i z e r  t a n k s  ba lanced  on t h e  Z and Y a x e s ,  
r e s p e c t i v e l y .  The t a n k s  are emptied s imul t aneous ly  through 
branch  f e e d  l i n e s  t o  a common f e e d  l i n e  t o  t h e  d e s c e n t  eng ine .  
Under i d e a l  c o n d i t i o n s ,  a l l  t a n k s  ma in ta in  a ba lanced  c o n d i t i o n  
such t h a t  a t  eng ine  s h u t  down unusable  p r o p e l l a n t s  remaining i n  
t h e  t a n k s  would be a t  t h e i r  minimum v a l u e s  - a f u n c t i o n  of t a n k  
bottom geometry. 

The c o n t r o l  system a t t e m p t s  a t  a l l  t i m e s  t o  keep t h e  
d e s c e n t  eng ine  t h r u s t  v e c t o r  p a s s i n g  through t h e  v e h i c l e  C . G .  
I f  t h e  C . G .  does  n o t  f a l l  on t h e  v e h i c l e  X-axis ( c e n t e r  l i n e ) ,  
t h e  v e h i c l e  assumes a n  a t t i t u d e  e r r o r  as de termined  by t h e  con- 
t r o l  system. Th i s  causes  a s m a l l  d e l t a  head t o  e x i s t  between 
complimentary o x i d i z e r  and/or f u e l  t a n k s  depending on t h e  new 
C.G.  l o c a t i o n .  A d i f f e r e n t i a l  f l ow w i l l  t h e n  e x i s t ,  and r e s u l t  
i n  t h e  uncovering of one tank l o w  l e v e l  s e n s o r  b e f o r e  t h e  o t h e r .  
The t ank  bottom and v e h i c l e  a t t i t u d e  geometry which c a u s e s  
p r o p e l l a n t  t o  f a v o r  one s i d e  of  t h e  t a n k s  may add t o  t h e  e a r l y  
occur rence  of  s e n s o r  uncovering.  These c o n d i t i o n s  decrease us- 
able d e s c e n t  p r o p e l l a n t s .  GAEC i s  c u r r e n t l y  u s i n g  C . G .  c o s t  
numbers of 4 3  pounds of  unusable  o x i d i z e r  p e r  i n c h  o f  Y o f f s e t  
and 20 pounds o f  unusable  f u e l  p e r  i n c h  of  0 o f f s e t .  

C . G .  SHIFT - DELTA PAYLOADS 

The g e n e r a l  case showing LM C . G .  s h i f t  by i n c r e a s i n g  
D/S payload i s  o u t l i n e d  i n  F i g u r e  1. The p r e s e n t  C . G .  l o c a t i o n  
(Y ,Z ) and v e h i c l e  weight  (W1) are shown n e a r  t h e  c e n t e r  l i n e .  A 1 1  
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s m a l l  weight  change ( 

- 2 -  

W )  is  made i n  a payload quadran t  a t  soml 3 - -  
(Y2 ,Z2) loca t ion .  A new C . G .  l o c a t i o n  (Y,B) w i l l  r e s u l t .  W e  are 
i n t e r e s t e d  i n  (AY,  A B )  and i t s  impact on u s a b l e  d e s c e n t  p r o p e l l a n t .  

Applying t h e  P r i n c i p l e  of F i r s t  Moments: 

s u b s t i t u t i n g  = Y1+AY 

(W1+AW) (Yl+AY) = W1Yl+AWY2 

W Y +W AY+AWYl+AWAY = W1Yl+AWY2 1 1  1 
Assuming: AWAY+ 0 

WIAY = AW (Y2-Y1) 

and A Z  2 'f51 - 
AW 

Equat ions  (1) and ( 2 )  show t h a t  t he  change i n  C.G.  l o c a t i o n  
depends on t h e  p o i n t s  where weight i s  added 
C.G.  l o c a t i o n  (Y1,Zl)and the touchdown weight  of the  LM (W ) .  

( Y 2 , B 2 )  the  p r e s e n t  

1 

J - M I S S I O N  CONFIGURATION 

The p r e s e n t  J-Mission LM payload c o n f i g u r a t i o n  i s  shown i n  
F i g u r e  2. The e f f e c t  of i n c r e a s i n g  LRV weight  f o r  t h i s  c o n f i g u r a t i o n  
w i l l  be d i s c u s s e d  f irst  s i n c e  q u e s t i o n s  have a r i s e n  i n  t h i s  area. 

The LRV i s  l o c a t e d  i n  Quadrant  I w i t h  a nominal C.G.  a t  
( -54,54)  r e f e r e n c e d  t o  t h e  LM c e n t e r  l i n e .  T h e  LM touchdown weight  
( W l )  i s  t aken  as 1 8 , 0 0 0  pounds. T h e  LM C.G.  (Xl,Y1) f o r  t h i s  con- 

f i g u r a t i o n  i s  approximately ( - . 6 ,  -1.1). Using e q u a t i o n s  (1) and (2) : 
% % - AY = - 5 4 - ( - . 6 )  = -.003 inches/pound 

AW 1 8 , 0 0 0  
% 'L 

A B  = + 5 4 - ( - 1 . 1 )  = +.003 inches/pound 
AW 1 8 , 0 0 0  
- 
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Adding weight  t o  t h e  LRV w i l l  move t h e  LM C . G .  i n  t h e  -Y and +Z 
d i r e c t i o n s  which d e c r e a s e s  usable  o x i d i z e r  and i n c r e a s e s  u s a b l e  
f u e l .  
c a p a b i l i t y  assuming LM is a t  maximum c a p a b i l i t y  and wi th  propel -  
l a n t  margins maintained i s  as  fo l lows:  

The effect  of adding one pound t o  t h e  LRV on LM payload 

1. P r e d i c t e d  unusable  p r o p e l l a n t  changes - 
ox : - .003 i n  x 431b/in = - . 1 2 9  l b s  
Fuel :  + .003 i n  x 201b/in = +.06 l b  

Fuel :  .06 l b  (C.G. g a i n )  

2 .  P r o p e l l a n t  which could be o f f l o a d e d  - 

Fuel :  .08 l b  (Oxidizer  u n a v a i l a b l e  . 1 2 9  = .08) 
T o t a l  . 1 4  l b s .  1 . 6  

3 .  I n c r e a s e  i n  i n e r t  weight - 
1 . 0  l b  OW i n c r e a s e  
.129  l b  AOX onboard b u t  u n a v a i l a b l e  due t o  C . G .  s h i f t  

Tota l  1 . 1 2 9  l b  

a i n e r t  weight  = 1.129-  . 1 4  = .989 l b  

4 .  

5.  

6. 

7 .  

P r o p e l l a n t  r e q u i r e d  f o r  AV = .989 = .495 lb. - 
2 

P r o p e l l a n t  l o s t  due t o  C.G.  s h i f t  

. 1 2 9  (OX)  + .08  (F) = . 2 0 9  l b .  

Tota l  margin p r o p e l l a n t  l o s t  due t o  adding 1 . 0  l b  t o  t h e  

LRV i s  then :  

.495 + . 2 0 9  = . 704  l b .  
A . 7 0 4  margin g a i n  r e q u i r e s  a d e c r e a s e  of 

2 ( . 7 0 4 )  = 1 . 4 1  lb of payload weight  t o  r e t u r n  t o  nominal. 

1 . 4 .  l b  ( t o t a l )  
-1 .00  l b  (LRV) 

. 4 1  l b  (C.G.  c o s t )  
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In general, the effect on payload capability will vary 
depending on the C.G. location (determined by configuration) and 
where weight is added. The C.G. effect on payload capability 
however will result in one of four cases. These cases are shown 
below using all previous assumptions, which resulted in a C.G. 
shift of .003 inches (Y and Z) per pound of added weight. 

.___ . ........... ._ ..... . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . .  

I I 

I Case 
I 
I (signs refer 

to increase or 
I decrease in 

usable 
! propellant) 

Payload capa- 
i bility change 

due to C.G. 
cost for 
AW=l lb. 

I 

I I 
i 

1 
+ Fuel I + Fuel 
+ ox I - ox 

I 

1 .  __ 
+.35 ~ -.41 

i ....................... 

- Fuel 
+ ox 

. .  

-.15 

-. . . . . . . . .  -. - 

- Fuel 1 

- ox 

-.59 
I 

! 

As an example, adding one pound to ALSEP for the 
discussed configuration decreases both usable oxidizer and fuel 
with payload capability being reduced .59 lb, while adding one 
pound to the MESA increases both usable oxidizer and fuel giving 
an increase of .35 lb descent payload capability. 

SUMMARY 

It has been shown that small payload weight changes 
may have a significant effect on LM payload capability due to 
C.G. shift. The addition of one pound of payload weight will 
affect LM payload capability over a range encompassing an 
increase of .35 pounds to a decrease of .59 pounds, depending 
on the initial C.G. location and where payload weight is 
added. For the Z-Mission payload configuration, the addition 
of one pound of weight to the LRV will reduce LM payload capa- 
bility .41 pounds due to C.G. shift. If 40 pounds is added to 
the LRV, usable oxidizer decreases by 5.16 pounds, usable fuel 
increases by 2.4 pounds, and LM payload capability decreases 
by 16.4 pounds due to C.G. shift. 

2032-DMD-tla 

Attachments 
Figures 1 and 2 
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W1= LM WEIGHT AT TOUCHDOWN 

(21, V i )  = LM C. G. LOCATION BEFORE 

(22, Y2) = LOCATION OF PAYLOAD 

(2, 

AW CHANGE 

= LM C. G. LOCATION AFTER PAYLOAD 
WT. CHANGE 

FIGURE 1 - GENERAL CASE FOR LM C. G. SHIFT WITH DELTA PAYLOAD 
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FIGURE 2 - J-MISSION LM DESCENT STAGE CONFIGURATION 
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